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THE STRUCTURF: OF AN ATMOSPHERE FROM ON-BOARD . 
I 

MEASUREMENTS OF PRESSURE, TEMPERAWRE, 

AND ACCELERATION* 

By Simon C. Sommer, Alfred G. Boissevain, 
Layton Yee, and Roger C. Hedlund 

Ames Research Center 

SUMMARY 

A method has been developed for determining the structure of a planetary 
atmosphere from measurements of pressure, temperature, and acceleration made 
on board an entry vehicle. Determination of the average molecular weight of 
the atmosphere is an important by-product of this type of measurement. Data 
obtained from drop tests of instrumented capsules into the Earth's atmosphere 
from high altitude have been analyzed. The atmosphere structure and the vehi- 
cle trajectory determined from these data are in excellent agreement with 
those obtained from ground-based observations and meteorological measurements. 
The deduced molecular weight was within 3 percent of the average value of air. 

INTRODUCTION 

One of the principal objectives of the early missions to other planets 
is to determine the structure and composition of their atmospheres. Not only 
is this information of considerable scientific value in the understanding of 
the nature of the planets but it is of great importance to the design of 
future vehicles intended to land scientific payloads in operating condition. 
The atmosphere structure, that is, the profiles of pressure, temperature, and 
density with altitude, is particularly important in this latter regard since 
it has a first-order effect on the heating and loads experienced during the 
high-speed portion of an entry as well as on the terminal conditions that 
affect the design of retardation and impact-attenuation systems. In refer- 
ence 1 it was proposed that the structure of a planetary atmosphere could be 
determined from the acceleration-time history of a vehicle passing through 
it. This idea was further developed and analyzed in references 2-5. There 
it was shown that, as the vehicle slowed to subsonic speeds, significant 
errors developed from the integration of imperfect acceleration measurements 
over relatively long periods of time. Thus it was concluded that the use of 
the accelerometer method for obtaining atmosphere structure should be confined 
to that portion of the atmosphere traversed at speeds greaterthan sonic speed. 

*The principal results presented herein have been smarized in an 
article titled "Atmosphere Definition with a Free-Falling Probe" by Simon C. 
Somer and Alfred G. Boissevain, Astronaut. Aeron., vol. 5, no. 2, Feb. 1967, 
PP- 50-54. 



For tenuous atmospheres, such as those presently postulated for Mars, 
supersonic impact velocities are not difficult to achieve. However, the need - 
for sufficient time to transmit data stored during communication blackout 
suggests the desirability of subsonic flight prior to impact. For the dense 
atmospheres postulated for Venus, on the other hand, it is likely that flight 
at subsonic speeds would continue for many minutes. Thus it is evident that 
an alternative technique for defining the atmosphere structure from data 
obtained during subsonic flight is necessary. In references 2 and 5 the use 
of subsonic measurements of pitot and static pressure and ambient temperature 
to define the flight-path velocity was described. However, relating that 
information to a history of altitude above impact to determine the atmosphere 
structure required a knowledge of the mean molecular weight of the gas and the 
variation of flight-path angle with time. 

A method has been developed whereby the measurements of pressure, temper- 
ature, and acceleration can be used to determine the mean molecular weight of 
the gas and atmosphere structure with no prior knowledge of gas properties or 
trajectory information. It is the purpose of this paper to describe this 
method and the results of two flight tests designed to evaluate the concept 
and to identify the problems from actual flight-test experience. In the first 
test, an instrumented capsule, dropped from an aircraft flying at 37,000 feet, 
descended in free fall at relatively low velocities. In the second test, a 
capsule was balloon-launched at approximately l30,OOO feet; it dropped at 
speeds approaching Mach number one. The conditions of the second test were 
designed to cover part of the velocity-density regime that would be expected 
in an entry into the Martian atmosphere. 

We wish to acknowledge the excellent cooperation of the personnel at 
both the Department of Defense Joint Parachute Test Facility at El Centro, 
California, and at the Air Force Cambridge Research Laboratory, Holloman Air 
Force Base, New Mexico. 

SYMBOLS 

A 

CD 

cP 

CL 

d 

g 

h 

2 

maximum cross-sectional area of capsule normal to axis of symmetry 

aerodynamic acceleration along the flight path 

drag coefficient 

pressure coefficient 

lift coefficient 

maximum diameter of capsule 

acceleration due to gravity 

altitude above impact 



Mach number 
I 

m 

P 

R 

r 

T 

t 

V 

Y 

0 

P 

mass of capsule 

pres sur e 

dynamic pressure, 1 pV2 

universal gas constant 
molecular weight gas constant for air, 

distance between center of planet and capsule 

temperature 

time 

velocity of capsule relative to surrounding gas 

ratio of specific heats 

flight-path angle, measured from local horizontal, positive down 

atmospheric density 

Subscripts 

f final conditions at impact 

i first measured value 

t stagnation values 

ANALYSIS 

The problem to be solved is the determination of the state properties of 
the atmosphere as functions of altitude above ground level from on-board 
measurements of temperature and pressure at points within the flow field of 
the descending probe, and three components of acceleration of the probe center 
Of gravity. The determination of the temperature and pressure require only 
that the values measured be corrected for vehicle angle of attack and flow 
field effects which in turn require definition of the probe attitude and Mach 
number at the times of measurement. Determining the density requires, in 
addition, that the gas constant be known or evaluated. Furthermore, the 
probe altitude above impact must be determined as a function of time so that 
the state properties of the atmosphere can be related to altitude. The 
analysis which follows derives equations for  applying the on-board measure- 
ments to the definition of these quantities. 
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. 
Altitude can be determined from free-stream pressure and density by means 

of the barometric equation 

dp = -pgdh 

and the equation of state 

p = pRT 

to obtain 

If it is assumed that g is constant during the terminal portion of the 
flight, equation (3) can be integrated to give 

where h is the altitude above impact. 

Since T and p are measured quantities, and it is assumed that the 
value of g is known, the value of gas constant must be known or evaluated 
in order to determine the altitude above impact. When R is unknown, the 
following analysis can be used. 

The balance of forces along a trajectory of a capsule entering a spheri- 
cally symmetric nonrotating planetary atmosphere can be written as follows: 

which can be rewritten as 

(6) 

where as 
deduced from accelerometer measurements. 

is the component along the flight path of aerodynamic acceleration 

The rate of change of altitude with time is given by 

dh = -(V sin B)dt 

4 

(7) 



Combining equations (3) and (7) gives 

v = 1 1 2 1 Q  
g p sin 8 dt 

If equation (6) is combined with equations (2) and ( 8 ) ,  V can be 
eliminated as follows: 

11 2 

V = [te) a,R ($1 = E g 2 p 2 sin 0 dt 

from which 

and 

(9) 

For the purpose of this analysis, it is assumed that the drag coefficient, 
CD, mass, m, and frontal area, A, are known from previous measurements. 
equation (ll), the only quantity that is not known o r  measured is the flight- 
path angle, 8. In order to determine flight-path angle, the equation for the 
instantaneous balance of forces normal to a trajectory of a capsule entering 
the atmosphere is required. 

In 

1 + (g - 1) cos e + - - 
dt 

If it is assumed that V2/gr << 1, as is the case for the terminal 
portion of a trajectory, equation (12) reduces to 

Substituting for (1/2)pV2 and V 
respectively, and solving f o r  R, we find 

from equations (6) and ( 8 ) ,  



If R is eliminated between equations (11) and (14) in order to solve 
for e, then 

r 

[g cos e - (2 as)] 8 = (% gas sin e) 
With the substitution 

I COS e = y 

-sin 8 de = dy 

Equation (15) becomes 

Equation (l7), a linear differential equation of t.,e first order, is 
solved by substituting equation (16) and evaluating the constant of 
integration to obtain 

] dp + cos ei} exp [Ip’ ( 2m/CDA) dp as ] 
i 

C O S  e = 

Pi 

Equation (18) gives the flight-path angle, e ,  as a function of an initial 
value, Qi, and measured parameters. Since it must be assumed that B i  is not 
known, equation (11) is used in the following form: 

to replace 
desired unknown, R. This substitution yields the following expression 

cos 8 and cos 8i by the expression that contains the single 
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where 
'variations in CD. 
al9ows the altitude history to be determined from equation (4). 
possible to relate pressure, temperature, and density (from eq. 
deduced altitude. In addition, velocity and flight-path-angle histories can 
be determined. 

m/CDA has been treated as variable to al low for transonic and subsonic 
Evaluating the gas constant, R, from equation (20) now 

It is now 
(2)) to the 

Special Case of CL = 0 

When CL = 0, equation (13) reduces to 

equation (18) reduces to 

- -  
COS 8i 

Special Case, CL = 0, 8 = 90' 

For the case of vertical entry into a planetary atmosphere, or for a 
~ 

i portion of the trajectory where 8 = 90°, equation (11) reduces to 

and all trajectory parameters can be evaluated. For this special case, an 
alternate solution for determining the gas constant, R, can be derived. 
Equation (10) with sin 8 = 1 becomes 
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. 

from which 

11 2 

dt 

11 2 
dp = 
p112 R1/2 CDA T 

tf [as (a) I] dt SPf P t 

integrating equation (26) and solving for R gives 

The advantage of using equation (27) instead of equation (24) is that 
integrating measured data is more accurate than differentiating the same data. 
For the experiments that will be reported herein, the gas constant, R, was 
determined from equation (27). 

Determination of Free-Stream Conditions 

The analysis presented above has been based on a knowledge of free- 
stream pressures and temperatures. In practice, the measured pressures will 
be affected by both angle of attack and flow compressibility. 
can be determined by use of measured values of lateral and axial acceleration 
in combination with wind-tunnel measurements of vehicle aerodynamics. Pres- 
sures can then be corrected to stagnation values by use of wind-tunnel pres- 
sure distributions. Stagnation temperatures can be measured directly with 
properly designed temperature probes. 

Angle of attack 

The process of converting stagnation values of pressure and temperature 
to free-stream values will, of course, be an iterative one. The aerodynamic 
and pressure coefficients necessary for correcting measured pressure to 
stagnation pressure are functions of Mach number which are unknown until the 
data are processed. 
iteration. Ideal gas equations are assumed to be applicable. 

The equations given below provide the basis for the 

From equation ( 6 ) ,  

and 
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Solving f o r  p gives  . 

Now, s ince  

Then 

(29) 

Equation (31) allows f o r  the  evaluat ion of  Mach number i n  terms of  
measured parameters i f  the value of y i s  known. Except f o r  the Ear th ' s  
atmosphere, i t  i s  l i k e l y  t h a t  y w i l l  not be r e l i a b l y  known; however, y has 
only minor e f f e c t s  on the  determinat ion of atmosphere p rope r t i e s  s o  an e s t i -  
mate from b e s t  ava i l ab le  i n f o r m t i o n  can be used. This w i l l  be demonstrated 
i n  a l a t e r  sec t ion .  With y assumed and Mach number evaluated from equa- 
t i o n  ( 3 l ) ,  f ree-s t ream pressure can then be evaluated from equation (29) or 
( 3 0 ) .  Free-stream temperature can now be evaluated by use of 

Y - 1  T 
t - l + - $  -T-  2 

EXPERIMENTS 

Two f l i g h t  t e s t s  were made t o  evaluate the  foregoing ana lys i s .  I n  the  
f i r s t  t e s t ,  a modified sphe r i ca l  capsule was dropped from an a i r c r a f t  f l y i n g  
a t  approximately 37,000 f e e t  (11.28 km) and f e l l  a t  r e l a t i v e l y  low ve loc i t i e s .  
I n  the  second t e s t ,  the  configurat ion was changed t o  a modified blunted cone 
which w a s  
f e e t  (39.62 km). 

, re leased  from a bal loon a t  an a l t i t u d e  of approximately l 3 0 , O O O  

I The second t e s t ,  which included the  a l t i t u d e  regime of the  f i r s t ,  w i l l  
I be d iscussed  i n  the following sec t ions .  A complete desc r ip t ion  of the  model 

used i n  the  second t e s t ,  including i t s  construct ion and instrumentation, can 
be found i n  appendix A. Also found i n  t h i s  appendix i s  a desc r ip t ion  of  the  
balloon-launch system. Appendix B contains a complete resum6 of the  a i r p l a n e  
drop t e s t .  
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MODEL AND INSTRUMENTATION 

The model f o r  t he  ba l loon  drop t e s t  was a 55' ha l f -angle  round-nosed cone 
wi th  a conica l  afterbody. 
of 30.5 inches (0.77 m ) .  A drawing of t he  model ( f i g .  l ( a ) )  shows the  l o c a -  
t i o n  of each o r i f i c e  f o r  t he  pressure t ransducers ,  t he  p o s i t i o n  of each t e m -  
pera ture  transducer,  and t h e  center  of g rav i ty  ( t h e  p o s i t i o n  of t h e  e f f e c t i v e  
cen te r  of pendulous mass of th ree  mutually perpendicular  l i n e a r  
a c c e l e r  ome t e r  s ) . 

It weighed 37 pounds (16.78 kg) and had a diameter 

One vibrating-diaphragm pressure t ransducer ,  developed a t  Ames Research 
Center ,  was loca ted  a t  the  center  of the  model f ace  ( i . e . ,  s tagnat ion  po in t  
f o r  zero angle of  a t t a c k ) ,  pl, and one a t  thc  beginning of the  conica l  s ec t ion  
ol' the  forebody, p3. This novel t ransducer  i s  descr ibed i n  d e t a i l  i n  r e f e r -  
ence 6. Three commercially a v a i l a b l e  unbonded s t ra in-gage pressure  c e l l s  were 
loca ted  a t  Two 
commercially ava i l ab lc  platinum res i s t ance  temperature t ransducers  i n  d i f f e r -  
e n t  configurat ions were loca ted  a t  pos i t i ons  T1 and T2 on the con ica l  f o r e -  
body. Note the  
two temperature t ransducers  protruding through the  sur face .  

pl, p2 (180' from p3),  and p4 ( t h e  i n s t e p  of the  a f te rbody) .  

A photograph of the  assembled model i s  shown i n  f i g u r e  l ( b ) .  

The temperature t ransducers  were i n s t a l l e d  ou t s ide  the  boundary l a y e r ,  
thus avoiding the  measurement of a temperature inf luenced by convective t r a n s -  
f e r  from the body surface.  Moreover, the  t ransducers  were surrounded by 
me ta l l i c  enclosures  (of  two d i f f e r e n t  des igns)  t o  minimize the e f f e c t s  of 
r a d i a t i v e  t ransPer  from the model, the Earth,  and the  sun. 

Ca l ib ra t ion  and Accuracy 

The pressure and temperature t ransducers  were c a l i b r a t e d  on the  ground 
with t h e i r  appropr ia te  te lemetry o s c i l l a t o r s  t o  g ive  c a l i b r a t i o n  curves i n  
terms of frequency versus the  measured property.  The pressure  sensors  were 
ca l ib ra t ed  aga ins t  Bourdon tube gages through a range from 1 t o  760 mm Hg. 
The temperature sensors  were placed i n  a thermal chamber and c a l i b r a t e d  
a g a i n s t  mercury thermometers from - 6 o O  t o  +60° C. The vol tage  output  o r  the  
mounted accelerometers w a s  measured as a func t ion  of s t a t i c  a t t i t u d e  and com- 
bined with the  known t r a n s f e r  func t ions  of  t h e  accelerometer o s c i l l a t o r s  t o  
provide c a l i b r a t i o n  curves o f  output  frequency versus  a c c e l e r a t i o n  f o r  each 
accelerometer.  The o s c i l l a t o r s ,  p ressure  t ransducers ,  and accelerometers  were 
a t  room temperature dur ing  c a l i b r a t i o n .  The accuracy of t h e  c a l i b r a t i o n  as 
determined by the r e p e a t a b i l i t y  of measurements i s  as fol lows:  pressure ,  a 
f r a c t i o n  of 1 m Hg; temperature, l e s s  than 1' C; and acce le ra t ion ,  0.005 g. 
However, the  c a l i b r a t i o n  e r r o r s  are considered small when compared with the  
e r r o r s  introduced by the  d a t a  t ransmission.  The accuracy of t he  d a t a  pro-  
cessed through the t ransmission system i s  est imated t o  be no b e t t e r  than 
2 percent  of' the  reading. 
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RESULTS AND DISCUSSION 

* 
The balloon test was conducted at the White Sands Missile Range, New 

Mexico, under the sponsorship of the Air Force Cambridge Research Laboratory. 
AFCRL was responsible for balloon-launched operations, and WSMR was respon- 
sible for data acquisition, radar tracking, and meteorological information. 

A 10-channel FM-FM telemetry unit transmitted continuous real-time 
records of pressures, temperatures, and aerodynamic acceleration of the model 
from10 minutes prior to capsule release to impact. The ground-based radar 
measured the actual capsule trajectory during descent. Radiosonde balloons 
and sounding rockets measured the atmospheric structure a few hours before and 
after the drop to provide information to compare with the atmospheric 
properties deduced from on-board measurements. 

Measured Data 

Figure 2 shows the variations of the measured properties as functions of 
time after capsule release. The data were continuous in nature but, for con- 
venience, are shown as discrete points in this and subsequent figures. Values 
of pressure, in millibars, of.three transducers presenting credible data are 
shown in figure 2(a). The results from one of the Ames vibrating-diaphragm 
cells, at the stagnation point, pl, were at significant variance with pres- 
sures measured by the other cells where the recording ranges overlapped; these 
values are therefore not shown. The instrument calibration section of appen- 
dix A includes a discussion of the possible cause of this discrepancy. 
addition, one of the telemetry subcarrier oscillators in the strain-gage cell 
system, measuring pressures at p2, malfunctioned prior to launch. A reliable 
calibration with a substitute oscillator was not made and therefore the data 
from this cell also are omitted. 

In 

Of the other pressure transducers, note that only the Ames vibrating- 
diaphragm cell, at p3, was sensitive enough to measure the low pressures 
encountered in the initial portion of the trajectory. This particular trans- 
ducer reached its design limit (250 mb) at about 265 seconds after release. 
The strain-gage pressure transducer at p1 had a minimum threshold of about 
14 mb (t = 45 see) and the strain-gage pressure transducer at 
minimum threshold of about 23 mb (t =75 see). 
gave continuous readings until capsule impact. 

pq had a 
These latter gages subsequently 

Figure 2(b) shows the variation of measured recovery temperature (for 
these conditions, essentially equivalent to stagnation temperature) from the 
time of capsule release to impact as given by the two temperature transducers 
mounted at T1 and T2. 
released, the balloon-capsule system was at an altitude of over 120,000 feet 
(36.58 km), drifting toward the drop area with very little airflow passing 
through the temperature transducers. During this time, the capsule and 
temperature transducers had reached an equilibrium temperature of approxi- 
mately 297' K. 

For approximately 2 hours before the capsule was 

The free-stream temperature measured by meteorological 
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. 
soundings was 240' K. 
a t t r i b u t e d  t o  the s o l a r  r a d i a t i o n  inc iden t  on the capsule support  and s h i e l d  
and the Ea r th ' s  albedo inc iden t  on the t ransducers  themselves. The reasons 
f o r  t he  discrepancy between the two t ransducers  during descent  a r e  not  known, 
and a simple average of the  two readings was used i n  the  d a t a  ana lys i s  with no 
cor rec t ion  f o r  the  i n i t i a l  high value of' temperature. 

The d i f f e rence  between these two values can be 

Figure 2 ( c )  shows the  va r i a t ion  of aerodynamic acce le ra t ion  as a func t ion  
of time f o r  the du ra t ion  of the f l i g h t .  Note the  change i n  time s c a l e  a t  
100 seconds. Since the  angular  excursions were estimated t o  be small  during 
the  e n t i r e  f l i g h t ,  the  values of aerodynamic acce le ra t ion  shown i n  the f i g u r e  
can be considered t o  be the  pathwise aerodynamic acce le ra t ion ,  as -  

Data Analysis 

The p3 and p4 values of pressure shown i n  f i g u r e  2 ( a )  were cor rec ted  
t o  s tagnat ion values as a means of ob ta in ing  an average v a r i a t i o n  of pressure 
with time f o r  use i n  the subsequent ana lys i s  of the  data f o r  atmospheric 
recons t ruc t ion .  The method used i s  descr ibed i n  the  following paragraphs. 

From the  d e f i n i t i o n  of pressure c o e f f i c i e n t ,  Cp,  the  following expression 
can be obtained 

where the subsc r ip t  t r e f e r s  t o  s tagnat ion  values  and n r e f e r s  t o  the  
appropriate  body loca t ion  of pressure measurement. The v a r i a t i o n  of C p  with 
Mach number was obtained f o r  the  seve ra l  sensor  loca t ions  from unreported 
t e s t s  of t h i s  model conf igura t ion  i n  the Ames  12-Foot Pressure  Wind Tunnel, 
and a r e  summarized here  i n  f i g u r e  3. 

An i n i t i a l  ca l cu la t ion  of Mach number as a func t ion  of time was d e t e r -  
mined f r o m  equat ion (31) using measured values of as  and values  of  measured 
pressure assumed t o  be s t agna t ion  values .  Values of dynamic pressure ,  q, were 
ca lcu la ted  using equat ion (28) allowing an i n i t i a l  co r rec t ion  t o  be made t o  
the  measured values of pressure i n  equat ion (33) .  
u n t i l  equation (31) showed the  change i n  ca l cu la t ed  Mach number a t  a given 
time t o  be small .  

This  process  was repeated 

The drag coe f f i c i en t ,  CD, used throughout the  d a t a  reduct ion  was assumed 
cons tan t  a t  a value of  0.91. 
made i n  one of the Ames  b a l l i s t i c  f a c i l i t i e s  a t  a Mach number of approximately 
0.7. TO a sce r t a in  the e f f e c t s  of using a v a r i a b l e  CD i n  the d a t a  reduct ion,  
an assumed v a r i a t i o n  of CD 
appreciably d i f f e r e n t  from those obtained with CD .as a constant .  

This value was obtained from unpublished t e s t s  

with Mach number d i d  not  y i e l d  r e s u l t s  t h a t  were 

The values of s tagnat ion  pressure  computed from o t h e r  o r i f i c e  l o c a t i o n s  
agreed well with those measured a t  the  s t agna t ion  po in t ,  p1. 
value of  s tagnat ion  pressure  as a func t ion  of time used i n  the  ana lys i s  Of 

The average 
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athospheric  recons t ruc t ion  i s  shown i n  f igu re  4. 

value. 
b l e  t o  co r rec t  the  measured values of pressure t o  f ree-s t ream values .  
convenience i n  da t a  reduction, the  above procedure was used. 

The maximum variance of the  
three  s tagnat ion  pressures  a t  any given time was f 3  percent  of the average 

It should be noted t h a t  w i t h  the  same bas i c  information, i t  i s  poss i -  
For 

The average values of pt and Mach number as funct ions of time were 
then used with equations (30) and (32) t o  f ind free-s t ream pressure and 
temperature a s  funct ions of t i m e .  

Tra jec tory  Reconstruction 

The s p e c i a l  case i n  which CL = 0 and 8 = 90' w a s  used f o r  recons t ruc t ing  
the  t r a j ec to ry ;  t h i s  allowed the  use of equation (27) f o r  the  eva lua t ion  of 
the  gas constant ,  R. 
the  evaluat ion of 
value of 28.96. 
a t ed  by the  use of equation ( b ) ,  and i s  compared t o  the  a c t u a l  t r a j e c t o r y  as 
obtained from radar  t racking  i n  f i g u r e  5. 
4175 f e e t  (1.27 km) above mean sea l e v e l ,  and i s  shown a s  the  t e rn ina t ion  a t  
538 seconds a f t e r  capsule r e l ease .  
a l t i t u d e  i s  considered exce l len t .  

The value of molecular weight of the  a i r ,  obtained from 
R, was 29.83, which was 3 percent higher  than the accepted 

The a l t i t u d e  above impact a s  a func t ion  of time was evalu- 

The a l t i t u d e  a t  impact w a s  

Agreement between deduced and a c t u a l  

Model v e l o c i t y  w a s  evaluated from equation (9)  and i s  shown i n  f i g u r e  6 
a s  a func t ion  of  deduced a l t i t u d e .  These values a r e  compared t o  those 
obtained from radar t racking.  The agreement i s  considered s a t i s f a c t o r y .  

Atmosphere Reconstruction 

The deduced atmosphere s t ruc tu re ,  a s  determined from the on-board 
measurements only, i s  shown i n  f i g u r e  7.  Figure 7 ( a )  shows the  deduced f r e e -  
stream pressure  as a func t ion  of deduced a l t i t u d e  and i s  compared with rad io-  
sonde meteorological  measurements. 
p ressure  i s  exce l l en t .  

Agreement between deduced and measured 

Figure 7(b)  presents  f ree-s t ream temperature as a funct ion of deduced 
a l t i t u d e ,  and i s  again compared with the radiosonde da ta .  The l a r g e  d i f f e r -  
ence between deduced and free-s t ream temperatures a t  the  h ighes t  a l t i t u d e  can 
be a t t r i b u t e d  t o  the  i n i t i a l  high temperature o f  the  capsule and t ransducers  
j u s t  p r i o r  t o  capsule r e l ease .  I n  the a l t i t u d e  range from about 100,000 f e e t  
(30.48 km) t o  40,000 f e e t  (12.19 km) the  radiosonde-measured values a r e  l e s s  
than the  deduced values by about 1.5' C.  No explanat ion can be given f o r  t h i s  
discrepancy,  although it  i s  presumed t o  be due t o  incomplete thermal i s o l a t i o n  
of the  sensors  on e i t h e r  the  radiosonde or the probe. 

Figure 7 ( c )  shows the  deduced free-s t ream d e n s i t y  (from eq. ( 2 ) )  as a 
There i s  good agreement between deduced and func t ion  of deduced a l t i t u d e .  

measured free-s t ream dens i ty .  



Effects of y on Atmosphere Structure 

A value of y = 1-4 was used for evaluating the results of the preceding 
sections. In order to determine the effects of uncertainty in y ,  the basic 
data were a l s o  analyzed using values of y of 1.2 and 1.6. The effects of 
these extreme values on atmosphere structure is small as shown in figure 8, 
where deduced density is plotted as a function of deduced altitude. The 
effects of 7 on both p and T were similarly small. The evaluation of the 
gas constant, R, was essentially unaffected by the changes in y ,  for R 
changed by only kO.3 percent. 

If real gas equations were used to relate the thermodynamic properties to 
flight conditions in equations (28) through (32) ,  that is, if y were allowed 
to change during terminal flight (see ref'. 7), it is expected that equally 
small effects on atmosphere structure would be obtained. 

Simulated Martian Entry 

In order to simulate the terminal phase of an entry into the Martian 
atmosphere this flight was assumed to have terminated at an impact altitude of 
about 101,000 feet (30.78 km), corresponding to a surface pressure of a little 
over 11 mb. This was equivalent to terminating the present test 50 seconds 
after the drop. A complete analysis of the data was then made over this por- 
tion of the trajectory. Some of the important results of this analysis are 
summarized in figure 9, which presents the deduced altitude above assumed 
impact as a function of time, and in figure 10, which shows the free-stream 
density as a function of deduced altitude. 
son is made with ground-based observations. The general agreement between 
deduced and measured properties is still considered acceptable, although the 
prediction of density at the higher altitude is not as good as that computed 
from the entire flight, showing a maximum errGr of 14 percent. The value of 
molecular weight computed from this short-term evaluation of 
almost 8 percent higher than the accepted value of 28.96. The nature of the 
tests and the instrumentation was such that the relative accuracy of property 
measurement was far higher at low altitudes than at the beginning of the 
flight in the region of low ambient pressures and starting transients of free 
fall. Better matching of the instments to these atmospheric conditions 
should improve the data. 

In both of these figures compari- 

R was 31.40, 

CONCLUDING REDARKS 

An analysis has been developed for determining the atmosphere structure, 
the mean atmospheric molecular weight, the velocity-altitude history, and the 
flight-path-angle history of a descending probe in low speed flight from on- 
board measurements of pressure, temperature, and acceleration. The deter- 
mination of the average molecular weight of the atmosphere is an important 
result of this analysis. 
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The technique has been demonstrated by analyzing data obtained from drop ' tests of instrumented capsules into the earth's atmosphere from high altitude. 
The atmosphere structure and the vehicle trajectory determined from these 
data agree well with those obtained from ground-based observations and radio- 
sonde meteorological measurements. The deduced molecular weight, for example, 
was within 3 percent of the accepted value for air. It should be noted that 
in the experiments described, the capsule descent was vertical except for wind 
drift, thus simplifying the determination of the molecular weight. Although 
it has not yet been demonstrated that data from a flight other than vertical 
would yield equally satisfactory results, methods for analyzing this case have 
also been described. 

Ames Research Center 
National Aeronautics and Space Administration 

Moffett Field, Calif., 94035,Jan. 31, 1967 
124-07 -02 -25-00-21 



APPENDIX A 

? 

ADDITIONAL DESCRIPTION OF BALT;OON DROP MODEL AND TEST 

Model Descr ipt ion 

The capsule forebody was constructed of 3/8-inch (9.5 mm) t h i c k  end-grain 
b a l s a  wood blocks sandwiched between two l a y e r s  of 1/64-inch (0.4 mm) t h i c k  
g l a s s  f ibe r .  A hardwood hoop a t  the major diameter insured s t r u c t u r a l  r i g i d -  
i t y .  The forebody was f i l l e d  with a preshaped p l a s t i c  foam form glued i n  
p lace  with polyes te r  r e s i n  and was cu t  out  t o  receive the  instruments.  The 
p l a s t i c  foam was coated with l a t e x  pa in t  t o  minimize crumbling during handling. 

The a f te rbody was constructed of 1/32-inch (0.8 mm) t h i c k  g l a s s  f i b e r  
re inforced a t  t he  maximum diameter with plywood. I n  addi t ion ,  fou r  r e in fo rc -  
ing  g l a s s  f i b e r  longerons were i n s t a l l e d  on the  i n s i d e  conica l  su r f ace  of the  
af terbody t o  prevent buckling. The pressure  t ransducers  were mounted near the  
plane of maximum diameter and were connected t o  the  o r i f i c e s  by 1/8 inch O.D. 
copper tubing. The capsule was designed t o  f a i l  progress ive ly  upon impact f o r  
instrument surv iva l .  

Ba l l a s t  was used t o  f i x  the  center  of  g rav i ty  a t  the des i r ed  loca t ion  and 
t o  equal ize  the  moments of i n e r t i a  about the two t ransverse  axes. 

The center  of g r a v i t y  was o r i g i n a l l y  placed a t  the  i n t e r s e c t i o n  of the  
major diameter plane and the  model axis. To t e s t  f o r  dynamic s t a b i l i t y ,  a 
mock-up of  the model with t h i s  cen ter -of -gravi ty  loca t ion  was dropped, with an 
i n i t i a l  angle  of a t t a c k  of 30°, from a h e l i c o p t e r  a t  about 2000-foot (610 m) 
a l t i t u d e .  I n  a c l a s s i c  demonstration of dynamic i n s t a b i l i t y ,  t he  f a l l i n g  
model o s c i l l a t e d  with increas ing  p i t c h  angle  u n t i l  i t  tumbled about 200 f e e t  
(61 m) above impact. 

An i d e n t i c a l  model, with the  cen te r  of g r a v i t y  moved forward by 
1.25 inches (3.18 cm) ( i . e . ,  4 percent  of d )  and dropped under s i m i l a r  condi- 
t i ons ,  damped out  a f t e r  s eve ra l  cycles  and descended t o  the  ground a t  
e s s e n t i a l l y  0' angle of a t t ack .  

Ins t rumenta t ion  

A 10-channel standard I R I G  FM-F'M te lemet ry  system t ransmi t ted  measured 
proper t ies  t o  ground s t a t i o n s  during the  f l i g h t .  The te lemet ry  system con- 
s i s t e d  of a t r ansmi t t e r ,  a mixer-amplifier,  10 s u b c a r r i e r  vo l tage-cont ro l led  
o s c i l l a t o r s  (2 .3  through 40 kc) ,  and t h e i r  a s soc ia t ed  c i r c u i t r y .  The telem- 
e t r y  and instrumentat ion system i s  shown i n  a block diagram i n  f i g u r e  11. 
The system provides f o r  checking the  c a l i b r a t i o n  i n  f l i g h t .  The c a l i b r a t i o n  
sequence was i n i t i a t e d  each time the  t r a n s m i t t e r  was turned on. 
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The loca t ion  of the transducers and TM equipment i n  the forebody a r e  

shown i n  f igu re  12. The afterbody and a me ta l l i c  R.F. s h i e l d  over t he  
t r ansmi t t e r  u n i t  a r e  not shown. 

The i n t e r n a l  conf igura t ion  of the accelerometers w a s  such t h a t  the a x i s  
about which these u n i t s  were i n s e n s i t i v e  t o  angular r a t e  and angular acce le ra -  
t i o n  was loca ted  outs ide  of t he  case, t y p i c a l l y  by about one inch. This pos i -  
t i o n  was experimental ly  determined f o r  each accelerometer and each u n i t  was 
mounted such t h a t  t h i s  po in t  was loca ted  on the model cen te r  of g rav i ty .  Thus 
each accelerometer would respond t o  l i n e a r  acce le ra t ions  of the model center  
of g r a v i t y  along i t s  s e n s i t i v e  a x i s  only. 

A four-way corner r e f l e c t o r ,  constructed of t h i n  copper shee t  and f i l l e d  
wi th  p l a s t i c  foam, was i n s t a l l e d  beneath the t r a n s m i t t e r  chass i s  t o  a i d  the 
radar  i n  acqui r ing  the capsule a f t e r  i t s  r e l e a s e  from the balloon. 

The assembled capsule was placed i n  an a l t i t ude - t enpe ra tu re  chamber 
programmed t o  simulate the  a l t i t ude - t ime  h i s t o r y  of the expected ba l loon  
ascent .  
A l l  a r e a s  of t he  capsule and ins t rumenta t ion  followed the  ambient temperature 
with the  except ion of the t r ansmi t t e r  chassis .  This u n i t  maintained i t s  nor- 
m a l  ope ra t ing  temperature of about 40' C. It should be noted t h a t  the t r a n s -  
m i t t e r  was turned on a t  se l ec t ed  times during the simulated f l i g h t .  
Ca l ib ra t ions  of the pressure sensors were then made i n  the  a l t i t u d e -  
temperature chamber a t  the low ambient temperatures expected during the  f l i g h t .  
The only  pressure  sensor t h a t  showed a s i g n i f i c a n t  v a r i a t i o n  of c a l i b r a t i o n  
with temperature was the Ames vibrating-diaphragm c e l l  system connected t o  the  
o r i f i c e  a t  the center  of the forward face,  pl. During the  a c t u a l  f l i g h t ,  as 
was d iscussed  i n  the t e x t ,  the  soak temperature of t he  capsule was far higher 
than the  ambient temperature of the a i r ,  so t h a t  the c a l i b r a t i o n s  made i n  the 
cold chamber were not appl icable .  Neither the room temperature c a l i b r a t i o n  
nor the  cold-chamber c a l i b r a t i o n  f o r  t he  vibrating-diaphragm sensor a t  p1 
gave reasonable  values of pressure.  The most probable explanation f o r  t h i s  
discrepancy i s  t h a t  the temperature of the sensor system ins ide  the capsule 
was d i f f e r e n t  from the temperatures f o r  which c a l i b r a t i o n s  were ava i l ab le .  

Thermocouples were placed a t  various po in t s  on and i n  the capsule. 

Capsule-Balloon I n t e r f a c e  

During the  5-hour f l i g h t  from bal loon launch t o  the time of capsule 
r e l e a s e  the  capsule was suspended i n  a tubular hanger t h a t  contained an 
e x t e r n a l  b a t t e r y  f o r  power and assoc ia ted  cont ro l  c i r c u i t s  f o r  the operation 
of t he  capsule.  This u n i t ,  with the capsule ir, place,  b u t  without a t h i n  
mylar s h e e t  r a d i a t i o n  s h i e l d ,  i s  shown i n  f igu re  1.3. The capsule was sus- 
pended from t h e  top  of t h e  hanger wi th  a 7-s t rand  a i r c r a f t  cable which fed  
through two explosive cable c u t t e r s  not v i s i b l e  under the disk.  

Four ground-controlled r ad io  commands were a v a i l a b l e  through the bal loon 
system f o r  c o n t r o l l i n g  the capsule during ascent.  One of these commands 
was used t o  f i r e  the explosive cable cu t t e r s .  The th ree  o the r  comands were 



used t o  t u r n  the t r ansmi t t e r  on or o f f ,  or t o  switch from ex te rna l  t o  capsule 
power. 
b lock  diagram f o r  these  con t ro l  func t ions  i s  shown i n  f i g u r e  14.  

The commands were momentary and could be used only one a t  a t i m e .  The a 

Balloon Operation 

The bal loon system j u s t  before  launch and j u s t  a f t e r  launch i s  shown i n  
f igu res  15(a)  and 15 (b ) .  
bal loon and parachute i s  the  hanger with capsule i n  place.  The packages a t  
the  center  of the  beam contained b a t t e r i e s  and support  e l e c t r o n i c  equipment 
f o r  t he  bal loon operat ion.  
a rad io-cont ro l led  b a l l a s t  box. The beam was connected t o  a deployed para-  
chute  which was a t tached  with an explosive b o l t  t o  the  base of the  balloon. 

The package on the  r i g h t  end of t he  beam beneath the  

The package a t  the l e f t  end of the  beam contained 

The bal loon was "flown" from the  launch s i t e  t o  the  drop a r e a  a t  the 
des i r ed  a l t i t u d e  by taking advantage of the p reva i l i ng  winds and by con t ro l -  
l i n g  the ascent  ra te .  
valving excess helium or r e l e a s i n g  b a l l a s t .  
t o r y  i s  presented i n  f i g u r e  16. 
the  con t ro l  equipment was c u t  loose  from the  bal loon and recovered by the  
parachute. 

The con t ro l  of the  ascent  r a t e  was achieved through 
A map showing the  ba l loon  t r a j e c -  

A h a l f  hour a f t e r  the  capsule was r e i eased  

The recovered capsule i s  shown i n  f i g u r e  17. The concentr ic  r i n g  
f a i l u r e s  coincided with the  j o i n t s  of the  b a l s a  wood blocks used i n  the sand- 
wich construct ion of the  capsule forebody. The two temperature sensors  are 
v i s i b l e .  The capsule impacted i n  l o o s e l y  packed sand a t  a v e l o c i t y  of about 
90 f t / s ec  (27.4 m/sec) . 

A s  a matter of  i n t e r e s t ,  the  capsule,  j u s t  p r i o r  t o  impact, was observed 
t o  be r o t a t i n g  a t  about 6 rpm about i t s  l o n g i t u d i n a l  ax i s .  This was d e t e r -  
mined from the  v a r i a t i o n  of s i g n a l  s t r e n g t h  of the  te lemetered s i g n a l  as 
received a t  the ground s t a t i o n .  
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APPENDIX B 

c 
AIRPLANE DROP EXPERIMENT 

The f i r s t  experimental t e s t  of the  atmosphere-probe program consis ted of 
dropping a r ing - s t ab i l i zed  sphere from an a i rp lane  a t  an a l t i t u d e  of 
37,000 f e e t  (11.3 km). 
pera tures ,  and model acce le ra t ion  were obtained from telemetered da ta .  

Time h i s t o r i e s  of model sur face  pressure,  t o t a l  tem- 

Model and Instrumentation 

The instrumentat ion was similar to  t h a t  a l ready  descr ibed except t h a t  
the  Ames vibrating-diaphragm pressure transducers were not  used. Unbonded 
s t ra in-gage pressure c e l l s  were used throughout. I n  two p laces  d i f f e r e n t i a l -  
pressure c e l l s  were used, with the center  of capsule f ace  as the  re ference  
pressure.  

A sketch of the model used i n  t h i s  t e s t  i s  shown as f i g u r e  18(a).  A 

The s t a b i l i z i n g  
photograph of the assembled model i s  shown i n  f i g u r e  18(b) .  
was constructed of 1/16-inch (1.6 mm) t h i c k  g l a s s  f i b e r .  
r i n g  w a s  made of foam covered with g l a s s  f i b e r .  

The bas i c  sphere 

The need f o r  a s t a b i l i z i n g  r i n g  was c l e a r l y  e s t ab l i shed  i n  drops of 
noninstrumented models made t o  v e r i f y  the  operat ion of a recovery parachute.  
The motions of the  sphere were e r r a t i c  and v io l en t  with angular excursions 
reaching 90' angle of a t t a c k  and roll r a t e s  of up t o  5 revolu t ions  per second. 
Data on these  angular excursions were obtained from ana lys i s  of f i l m  from a 
16-ITIITI gun camera aimed along the axis of symmetry of the  model and through a 
small  g l a s s  p o r t  a t  the nose. 

The model was dropped from the  bomb-bay of an RB-66. A holder  i n  the  
bomb-bay he ld  the  model i n  a ho r i zon ta l  pos i t ion .  Drop w a s  i n i t i a t e d  by 
f i r i n g  a squib which re leased  some r e s t r a i n t  s t r a p s .  A spr ing-ac t iva ted  
p l a t e  helped t o  t h r u s t  the  model down and in to  the  f r e e  flow f i e l d  around the 
a i rp l ane .  The model was tracked by ground-based cameras t o  determine i t s  
t r a j e c t o r y .  A barostat-operated switch ac t iva t ed  a parachute recovery system 
a t  an  a l t i t u d e  of about 8000 f e e t  (2.44 km). 

Experimental Data 

The model achieved v e r t i c a l  f l i g h t  a f t e r  20 seconds of f l i g h t ,  and 
recovery sequence w a s  i n i t i a t e d  approximately 160 seconds a f t e r  launch. 
d a t a  obtained during t h i s  por t ion  of the  f l i g h t  a r e  shown i n  f i g u r e  19. 

The 

The p res su res  shown i n  f i g u r e  l 9 ( a )  are  a composite of the  outputs  from 
the  t h r e e  absolu te  pressure c e l l s .  The pressure d i f f e rence  between the  two 
d i f f e r e n t i a l  c e l l s  was too small  t o  be measured under the  condi t ions of 



f l i g h t .  The absolu te  pressure  c e l l s  gave readings t h a t  had similar v a r i a t i o n  
wi th  time, bu t  were displaced from one another.  It was determined a f t e r  the . 
f l i g h t  t h a t  the type of physical  mounting of the pressure c e l l s  i n  the model, 
was such t h a t  the cases were deformed, producing a b i a s  t o  the  readings.  For 
purposes of ana lys i s  the  readings of the  three  c e l l s  a t  a time of 1 second 
a f t e r  launch were brought t o  a common ambient pressure a t  t h a t  a l t i t u d e  a s  
determined by radiosonde measurements. The experimental  values of pressure 
as a funct ion of time, as used i n  the  ana lys i s  and shown i n  f i g u r e  l g ( a ) ,  
were the simple a r i t hme t i c  mean of the values of the th ree  c e l l s  a t  any given 
time, corrected f o r  t he  b i a s  e r r o r  a s  described. 

The v a r i a t i o n  of measured temperature with time i s  shown i n  f i g u r e  1 9 ( b ) .  
The values of temperature used i n  the  ana lys i s  were the mean of the  two 
measured values,  shown i n  t h i s  f igure .  

The t o t a l  acce le ra t ion  v a r i a t i o n  with time i s  shown i n  f i g u r e  l g ( c ) .  The 
s t a r t i n g  t r a n s i e n t s  of launch a r e  over by 20 seconds and the model i s  e f f ec -  
t i v e l y  i n  v e r t i c a l  f l i g h t .  
of the  model i n  the r e l a t i v e l y  high v e l o c i t y  flow (about 450 f t / s e c )  
( 1-37 ,/see) upon r e l ease  from the a i r c r a f t .  

Note the high i n i t i a l  dece le ra t ion  upon i n s e r t i o n  

The t r aces  of accelerometer output  showed high-frequency d is turbances  of 
up t o  0.2 g. 
t y p i c a l  c h a r a c t e r i s t i c  of t h i s  c l a s s  of b l u n t  bodies  a t  subsonic speeds. 
must be exercised i n  s e l e c t i n g  a configurat ion,  the mounting of instruments,  
and the sampling of d a t a  t o  minimize b u f f e t i n g  and i t s  e f f e c t s ,  f o r  t h i s  type 
of forc ing  func t ion  can i n t e r f e r e  with and degrade the  measurement of 
aerodynamic acce lera t ion .  

These were in t e rp re t ed  as the  e f f e c t  of b u f f e t i n g  which i s  a 
Care 

RESULTS 

The pressure and temperature (both assumed t o  be f ree-s t ream values  a s  
measured i n  view of the low Mach numbers) and t o t a l  acce le ra t ion  as func t ions  
of time were analyzed i n  t he  manner descr ibed f o r  the  ba l loon  drop t e s t  i n  
the body of the  r epor t .  
ana lys i s  of ground-tracking data, was used i n  the data reduct ion.  
of the  ana lys i s  a r e  summarized i n  f igu re  20, which shows the r econs t ruc t ion  
of t he  model t r a j e c t o r y  i n  terms of a l t i t u d e  as a func t ion  of time and shows 
the observed t r a j e c t o r y  f o r  comparison. Figure 2 1  i s  the  atmosphere s t r u c -  
t u r e  as deduced from the ana lys i s  and i s  compared t o  radiosonde values  taken 
a t  the  time of  the  test .  
a l t i t u d e ,  i s  shown i n  f i g u r e  2 1 ( a ) .  
deduced a l t i t u d e  i s  shown i n  f i g u r e  21 (b ) ,  and dens i ty ,  a l s o  as a func t ion  of 
deduced a l t i t u d e ,  i s  shown i n  f i g u r e  2 1 ( c ) .  
constant,  R, y ie lded a value of 29.06 f o r  the  molecular weight of a i r ,  
0.3 percent higher  than the average accepted value of 28.96. 

A drag c o e f f i c i e n t  of 0.814, evaluated from the  
The r e s u l t s  

Pressure i n  m i l l i b a r s ,  as a func t ion  of deduced 
The v a r i a t i o n  of temperature with 

The deduced value of the  gas 

20 
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(b) Photograph of assembled model. 

Figure 18. - Concluded. 
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